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APPARATUS AND METHODS FOR
MEASURING CURRENT

BACKGROUND

Field

The described technology generally relates to measuring,
current and, more specifically, to apparatus and methods for
sensing and/or measuring current flowing through a wire.

Description of the Related Art

Accurate measurement of current through a wire remotely
(e.g., without breaking the wire or coming into contact with
it) 1s useful for diagnostic, operational, and protection pur-
poses 1n many applications, such as industrial and automo-
tive applications. In particular, accurate current measure-
ment without precise control of the placement of the wire
may present various challenges. It can also be challenging to
accurately measure current through the wire remotely when
there are other current carrying wires located nearby, as the
current flowing though such wires can interfere with the
desired current measurement. One commonly used tech-
nique for alternating current (AC) measurements 1s using a
Rogowski coil, which does not depend on the precise
location of the wire inside the coil. However, Rogowski
coils cannot make direct current (DC) measurements and
can be too bulky for use 1n tight spaces.

SUMMARY

The methods and devices of the described technology
cach has several aspects, no single one of which 1s solely
responsible for its desirable attributes.

One embodiment includes an apparatus for measuring
current flowing through a wire, and the apparatus comprises
a housing with an opening configured to receive the wire and
to define a location of a point of the wire 1n a first dimension
when the wire 1s positioned 1n the opening, two magnetic
sensors within the housing positioned on opposing sides of
the opeming 1n the first dimension, another one or more
sensors, and a processor in communication with the two
magnetic sensors and the another one or more sensors. The
processor 1s configured to generate a differential signal
indicative of a difference between outputs of the two mag-
netic sensors, determine a location of the point of the wire
in a second dimension based on an output of the another one
or more sensors, and derive a measure of the current flowing
through the wire based on the diflerential signal and the
determined location of the point of the wire 1n at least the
second dimension.

Another embodiment includes an apparatus for measuring
current flowing through a wire, and the apparatus comprises
a body with an opening configured to receive and fix a
horizontal position of the wire when the wire 1s positioned
in the opening, two magnetic sensors positioned on oppos-
ing horizontal sides of the opening, at least one vertical
position sensor configured to measure a vertical position of
the wire when the wire 1s positioned 1n the opening, and a
processor 1 communication with the two magnetic sensors
and the at least one vertical position sensor, the processor
configured to calculate a current tlowing through the wire
based on outputs of the two magnetic sensors and the at least
one vertical position sensor.

Another embodiment includes a method for measuring
current through a wire, and the method comprises generating
a differential signal indicative of a diflerence between out-
puts of two magnetic sensors positioned on opposing sides
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point of the wire 1n a second dimension based on an output
of another one or more sensors, and deriving a measure of
the current tlowing through the wire based on the differential
signal and the determined location of the point of the wire
in the second dimension.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

These drawings and the associated description herein are
provided to illustrate specific embodiments of the described
technology and are not intended to be limiting.

FIG. 1 1s a block diagram illustrating an example current
measurement system.

FIG. 2A 1s a cross-sectional diagram 1illustrating an
example apparatus for measuring current in accordance with
one embodiment.

FIG. 2B 1s a cross-sectional diagram 1illustrating an
example apparatus for measuring current in accordance with
another embodiment.

FIG. 3 1s a three dimensional view of a portion of an
example apparatus for measuring current in accordance with
one embodiment.

FIG. 4 1s a flowchart of an example process for measuring,
current 1n accordance with one embodiment.

DETAILED DESCRIPTION

Various aspects of the novel systems, apparatuses, and
methods are described more fully hereinafter with reference
to the accompanying drawings. Aspects of this disclosure
may, however, be embodied in many different forms and
should not be construed as limited to any specific structure
or function presented throughout this disclosure. Rather,
these aspects are provided so that this disclosure will be
thorough and complete, and will ﬁJlly convey the scope of
the disclosure to those skilled in the art. Based on the
teachings herein, one skilled 1n the art should appreciate that
the scope of the disclosure 1s intended to cover any aspect of
the novel systems, apparatuses, and methods disclosed
herein, whether implemented 1independently of or combined
with any other aspect. For example, an apparatus may be
implemented or a method may be practiced using any
number of the aspects set forth herein. In addition, the scope
1s intended to encompass such an apparatus or method which
1s practiced using other structure, functionality, or structure
and functionality 1n addition to or other than the various
aspects set forth herein. It should be understood that any
aspect disclosed herein may be embodied by one or more
clements of a claim.

Although particular aspects are described herein, many
variations and permutations of these aspects fall within the
scope of the disclosure. Although some benefits and advan-
tages of the preferred aspects are mentioned, the scope of the
disclosure 1s not intended to be limited to particular benefits,
uses, or objectives. Rather, aspects of the disclosure are
intended to be broadly applicable to different wired and
wireless technologies, system configurations, networks,
including optical networks, hard disks, and transmission
protocols, some of which are illustrated by way of example
in the figures and in the following description of the pre-
ferred aspects. The detailed description and drawings are
merely illustrative of the disclosure rather than limiting, the
scope of the disclosure being defined by the appended
claims and equivalents thereof.

A current carrying wire generates a magnetic field 1n the
orthogonal plane to the direction of current flow. A mea-
surement of the magnetic field can be used to infer the
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magnitude of the current flowing in the wire. Hall Effect
sensors can be used to measure magnetic fields using the
Lorentz effect. Anisotropic magnetoresistive (AMR) sensors
can measure the magnetic field based on the change in
resistivity that 1s proportional to the perpendicular magnetic
field. By using magnetic sensors, such as Hall Effect sensors
and/or AMR sensors, certain challenges related to measuring
current through a wire can be overcome according to aspects
of this disclosure. For instance, embodiments described
herein can overcome challenges related to the magnetic field
interference from nearby current carrying wires. As another
example, embodiments described herein can overcome chal-
lenges related to a location of the current carrying wire not
being fixed. Since magnetic field strength should drop off
inversely with distance from the current carrying wire, the
distance from the wire can have a significant impact on
inferring the current flowing through the wire using mag-
netic sensors. Furthermore, using certain magnetic sensors,
such as Hall Effect and/or AMR sensors, apparatus disclosed
herein can generate outputs that can be used to accurately
make both alternating current (AC) and direct current (DC)
measurements.

A body of an apparatus may include an opening that may
deterministically locate a wire 1n at least a first dimension
when the wire 1s placed 1n the opening. The apparatus may
also include a plurality of sensors. At least one diflerential
signal may be generated from signals from the magnetic
sensors on opposing sides of the opening. Accordingly,
common mode interference can be substantially canceled 1n
the differential signal. Outputs of another one or more
sensors can be used to determine the location of the wire 1n
a second dimension. As such, the position of the wire within
the opening can be precisely known 1n both the first dimen-
sion and the second dimension. The current flowing through
the wire can be accurately derived from the at least one
differential signal and the location of the wire 1n at least the
second dimension.

Referring to FIG. 1, a block diagram illustrating an
example current measurement system will be described. The
1llustrated system includes a mobile current measuring appa-
ratus 102, having a current measuring unit 104, memory 110,
a display 112, and power source 114. The current measuring
unit 104 in turn may include sensors 106 and a processor
108. The sensors 106 are configured to sense, for example,
the differential magnetic field generated by current flowing
through a wire. Embodiments of the current measuring unit
104 will be described in further detail 1n connection with
FIGS. 2A-3 below. In some embodiments, some or all of the
memory 110, display 112, and the power source 114 may
reside 1n the same integrated unit as the sensors 106 and the
processor 108.

The memory 110 may be a non-transitory machine-
readable storage medium such as a RAM, ROM, EEPROM,
ctc. The memory 110 may be 1n communication with the
processor 108, which may read from or write to the memory
110. The display 112 may be configured to show the result
of the current measurement performed 1n accordance with
the disclosures herein. The display 112 may be any type of
screen display, such as plasma display, liquid crystal display
(LCD), organic light emitting diode (OLED) display, elec-
troluminescent (EL) display, or any other indicator, such as
a dial, barometer, or LEDs. In some implementations, the
system may include a driver (not shown) for the display 112.
The power source 114 may provide power to substantially
all components of the system of FIG. 1. In some implemen-
tations, the power source 114 may be one or more battery
units.
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Referring to FIG. 2A, a cross-sectional diagram 1llustrat-
ing an example apparatus for measuring current will be
described. The 1llustrated apparatus 200 can implement the
current measuring unit 104 (FIG. 1). The 1illustrated appa-
ratus 200 includes magnetic sensors 203aq, 203H, and a
processor 204. The magnetic sensors 203a, 203b, and a
processor 204 can implement the sensors 106 and the
processor 108 of FIG. 1, respectively. The apparatus 200
may also include a body 202, and secondary or vertical
position sensors 210, 212, which may be interchangeably
referred to herein as secondary sensors or vertical position
sensors. The sensors 106 of FIG. 1 can also include the
secondary sensors 210, 212.

The body 202 may be a housing formed from one or more
of various manufacturing processes, including injection
molding and vacuum forming, for example. The body 202
may be made from one or more ol various materials,
including but not limited to plastic, glass, metal, ceramic,
and rubber. The body 202 may include various colored or
designed portions including different logos, symbols, marks,
or pictures. The body 202 may include an opening 220
configured to receive a wire 205. The wire 203 1s typically
not considered part of the apparatus 200. The body 202 can
provide a housing to encase the magnetic sensors 203a,
2034, the secondary sensors 210, 212, and the processor
204. Accordingly, the apparatus 200 can be a relatively small
integrated unit. The body 202 can include an output contact
to provide an indication of current flowing through a wire.

The opening 220 may comprise a sloped recess that may
contact the wire 205 at one or more contact points and/or
surfaces when the wire 205 1s positioned within the opening
220. The 1llustrated opening 220 narrows as 1t extends into
the body 202. The opening 220 may be implemented to
locate the wire 205 deterministically 1n at least one dimen-
sion when the wire 205 1s firmly placed in the opening 220.
The wire 205, for example, can be firmly placed in the
opening 220 by a user pushing the wire 205 against the
opening 220. The opening 220 can be any suitable shape to
deterministically define a position of the wire 205 1n at least
one dimension, such as a horizontal position. For instance,
at least a portion of the opening 220 can be substantially
V-shaped. As 1llustrated, the opening 220 may be a sym-
metric V-shaped jaw. Furthermore, the magnetic sensors
203a, 2036 may be on the opposing sides of and approxi-
mately equidistance from the axis of symmetry of the
V-shaped jaw so that respective distances 207 and 208 from
the center point of the wire 205 to the magnetic sensors 203a
and 2036 may be approximately equal. In such embodi-
ments, regardless of the thickness of the wire 205, the center
point of the wire 205 may be located approximately at the
midpoint between the magnetic sensors 203aq and 2035 1n a
first dimension (e.g., the horizontal or x-dimension 1n FIG.
2A). Depending on the thickness of the wire 205, the
location of the wire 205 1n a second dimension (e.g., the
vertical or y-dimension i FIG. 2A) may not be the same for
differently sized wires. Each wire 205 positioned within the
opening 220 can have a fixed position 1n at least one
dimension, even though the fixed position for a particular
wire can be different than a fixed position for a differently
dimensioned wire. The location of the wire 205 1n a second
dimension can be expressed as a vertical distance 216
between a point of the wire 205 (e.g., a center point) and the
location of the magnetic sensors 203a, 2035 1n the second
dimension. As 1illustrated, the second dimension can be
orthogonal to the first dimension. It 1s to be noted that the
horizontal and vertical dimensions or the x-, y-, and z-di-
mensions referred to herein denote orthogonal dimensions
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relative to one another and are not related to any absolute
orientations, gravitational or otherwise. The vertical distance
216 may be determined with the processor 204 based on data
from the secondary or vertical position sensors 210, 212 1n
conjunction with data from the magnetic sensors 203a, 2035
as further discussed below.

In some embodiments, the opening 220 may be a non-
symmetric V-shaped jaw. In some other embodiments, the
opening 220 may iclude a V-shaped portion and a non-V-
shaped portion of the opening 220 may be curved or
smoothened, for example, so that no acute angle or sharp
edges may be present. In some other embodiments, the
opening 220 may comprise a recess with a non-constant
slope (e.g., concave up or down) to accommodate various
widths of the wire 205. Accordingly, the computation for
deterministically locating the wire 205 may be modified
from the disclosed implementations according to known or
predetermined characteristics (e.g., shape, slope, curvature,
symmetry, location or orientation relative to the sensors,
ctc.) of the opening 220.

The opening 220 as described above can be advantageous
for a current measuring apparatus 1n various ways. For
instance, instead of having one or more mechanical moving
parts to fasten the wire 1n a position, the opening 220 allows
the user to simply push the wire 205 against the opening 220.
Not including a mechanical part to place the wire 1n position
can be advantageous because 1naccuracies resulting from
moving parts can be eliminated and/or potential mainte-
nance 1ssues for the moving parts can be avoided. Moreover,
implementing the current measurement system without
moving parts can reduce costs relative to similar systems
that include moving parts. Furthermore, the opening 220
with a widening structure as 1llustrated in FIGS. 2A and 2B
allows the current measuring apparatus to accommodate for
wires of various thicknesses, allowing the current measuring,
apparatus to be more adaptive and versatile. The forgoing
descriptions of the opening 220 discuss only a few 1llustra-
tive examples, and the opening 220 may be implemented in
vartous ways that allow deterministic derivation of the
location of the wire 205 1n at least one dimension.

The magnetic sensors 203a, 2035 may be magnetic sen-
sors configured to detect the magnetic field around the wire
205. The magnetic sensors 203a, 2036 may be located on
opposing sides of the opening 220 in the first dimension
(e.g., the horizontal or x-dimension 1 FIGS. 2A-2B). As
such, the magnetic sensors 203a, 2035 will be on opposing
sides of a wire 205 positioned within the opening 220. In
some embodiments the magnetic sensors 203a, 2035 may be
magnetoresistive (MR) sensors, such as anisotropic magne-
toresistive (AMR) sensors, or Hall Effect sensors. AMR
sensors can be relatively small compared to other types of
magnetic sensors, such as Rogowski coils. Accordingly,
AMR sensors can be used 1n relatively small current sensing,
equipment, which can make measurements in hard to reach
arcas. The magnetic sensors 203a, 2036 may comprise
magneto-resistive materials whose electrical resistance var-
1es according to an external magnetic field. In some embodi-
ments, the magnetic sensors 203a, 2035 may be positioned
in the orientation that would allow detecting the magnetic
field 1n a plane orthogonal to the direction of current flowing
through the wire 2035. The magnetic sensors 203a, 2035 may
be configured to generate measurement signals and send the
signals to the processor 204. Processing of the signals from
the magnetic sensors 203a, 2035 will be discussed further
below.

The secondary sensors 210, 212 may be configured to
detect the magnetic field around the wire 205 to determine
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the location of the wire 205 1n the second dimension (e.g.,
the vertical or y-dimension in FIG. 2A). The secondary
sensors 210, 212 and the magnetic sensors 203a, 2035 may
be located on the opposing sides of the wire 205 to be
received in the opening 220 in the second dimension. The
secondary sensor 210 and the secondary sensor 212 may
also be located on the opposing sides of the opening 220 1n
the first dimension such that the secondary sensors 210 and
212 are on opposing sides of a wire 205 positioned within
the opening 220. In some embodiments, the first magnetic
sensor 203a and the first secondary sensor 210 can be on an
opposite sides of the opening 220 1n the first dimension than
the second magnetic sensor 2035 and the second secondary
sensor 212. Such an arrangement may be advantageous for
canceling out common interference measured by the sensor
pairs as further described below. As illustrated, the first
magnetic sensor 203a and the first secondary sensor 210 can
be aligned along the second dimension. In some embodi-
ments, both the magnetic sensors 203a, 2035 and the sec-
ondary sensors 210, 212 can be MR sensors, such as AMR
sensors. When the magnetic sensors 203a, ZOSb are AMR
sensors, implementing the secondary sensors 210, 212 as
AMR sensors can be relatively mexpensive. Furthermore,
AMR sensors can be relatively small and an integrated unit
with the magnetic sensors 203a, 2035 and the secondary
sensors 210, 212 as AMR sensors within the body 202 can
be relatively compact. Such a relatively compact integrated
unit can be measure current flowing through a wire when a
wire 1s located i a small or diflicult to reach place. In some
embodiments, the secondary sensors 210, 212 may be posi-
tioned 1n the orientation that detects the magnetic field 1n a
plane orthogonal to the direction of the current flowing
through the wire 205. Signals generated by the secondary
sensors 210, 212 may be communicated to the processor 204
to determine the position of the wire 205 1n the second
dimension, which will be discussed further below.

The processor 204 may be in communication with the
magnetic sensors 203q, 2035 and the secondary sensors 210,
212. The processor 204 can derive a measure of current
flowing through the wire 205 positioned 1n the opening 220.
The processor 204 can derive the measure of current flowing
through the wire 205 based on outputs of the magnetic
sensors 203a, 2035, and the secondary sensors 210, 212. For
instance, the processor 204 can derive a measure of current
flowing through the wire 205 based on a differential signal
generated from the outputs of the magnetic sensors 203a,
203H and a location (e.g., the y-dimension location) of a
point (e.g., center) of the wire 205 determined based on
signals from the secondary or vertical position sensors 210,
212. In another example, the processor 204 can determine a
distance between at least one of the magnetic sensors 203a,
2035 and the point of the wire 205 to derive the measure of
the current flowing through the wire 205. In some instances,
the processor 204 can derive the measure of current ﬂowmg
through the wire 205 based on calculated distances from at
least two of the magnetic sensors 203aq, 203bH, and the
secondary sensors 210, 212.

The processor 204 may be configured to receive measure-
ment signals from the magnetic sensors 203aq, 2035 to
generate a diflerential signal. Fach of the signals from the
magnetic sensors 203a, 2035 may include interference from
the environment, such interference from magnetic fields
generated by other wires nearby. Since the magnetic sensors
2034, 203b6 may be located relatively near to each other on
the opposing sides of the wire 205, apart from each other by
approximately the maximum thickness of a wire the body
202 1s configured to recerve, the interference included in
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cach of the signals from the magnetic sensors 203a, 2035
may be approximately equal to each other. This common
mode interference 1n the signals from the magnetic sensors
203a, 203b6 may be cancelled out by generating the difler-
ential signal from a difference between the two signals from
the magnetic sensors 203a, 20356. In an embodiment in
which the distances 207 and 208 are approximately equal to
cach other, the differential signal from the magnetic sensors
203a, 2036 1 conjunction with data from the secondary
sensors 210, 212 may be used to determine the current
flowing through the wire 205 without expressly calculating
the location of the wire in the first dimension (e.g., the
horizontal or x-dimension in FIG. 2A).

For example, when the magnetic sensors 203a, 2035 and
the secondary sensors 210, 212 are AMR sensors, the
magnetic field measurements from the magnetic sensors
203a, 2035/ and the secondary sensors 210, 212 may be
expressed 1n terms of the location of the center of the wire
in the second dimension and the current flowing through the
wire based on the relationship between the magnetic tlux
intensity and the current flowing through the wire 205 and
the anisotropic characteristics of the magnetic sensors 203a,
203bH, and the secondary sensors 210, 212 1n some 1mple-
mentations. In general, magnetic flux intensity may be
expressed as follows:

! (Equation 1)

where H 1s magnetic flux intensity, I 1s current flowing
through a wire (e.g., the wire 205), and r 1s the distance
between the center of the wire and a sensor (e.g., the center
of the wire 205 and one of the sensors 203q, 2035, 210, 212)
assuming that the wire 1s infinitely long 1in the z-dimension
(coming out of the page in FIG. 2A, for example). The
infinitely long wire assumption may provide a reasonable
approximation when the wire 203 1s straight without bend-
ing 1n the z-dimension for at least about 10 times the
distance between the sensors, for example. When the mag-
netic sensors 203a, 2035 and the secondary sensors 210, 212
are implemented with anisotropic sensors, the sensors 203a,
2035, 210, 212 may be positioned so that only the proportion
of the magnetic flux intensity 1n the second dimension (e.g.,
the y-dimension in FIG. 2A) may be sensed. The magnetic
sensors 203a, 2035 can be oriented so that they are sensitive
to opposite directions, and the secondary sensors 210, 212
may be oriented so that they are sensitive to opposite
directions both in the second dimension (e.g., the y-dimen-
sion 1 FIG. 2A). In this implementation, the differential
signals from the sensors 203a, 20356, 210, 212 would sum
the magnetic flux components in the second dimension (e.g.,
the y-dimension 1n FIG. 2A), and the magnetic flux intensity
for one sensor may be expressed as follows:

! Equation 2
e %Cﬂﬁfﬁ’ (Equation 2)

where ® 1s the angle between the direction of the flux
intensity and the critical direction (i.e., the direction 1n
which the anisotropic sensor 1s sensitive to) of the sensor
(e.g., the sensors 203a, 2035, 210, 212). Since the direction
of the magnetic tlux 1s perpendicular to the radial distance r
from the wire to the sensor (e.g., the center of the wire 2035
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direction 1s in the second dimension (e.g., the y-dimension
in FIG. 2A), cos ® may be expressed as

=%

where a 1s the first dimension distance between one of the
sensors and the wire (e.g., the distance 207 or 208). There-
fore, substituting

=S

for cos @ 1 Equation 2, the differential signal from the
magnetic sensor pairs (e.g., 203a and 2035, or 210 and 212)
can be expressed 1n general as below:

la {a
— + —
Drre

fa

TH2

Equation 3
I’ (Equation 3)

2rre

Using the Pythagorean theorem to substitute r”, the differ-
ential signals from the magnetic sensors 203a and 2035 can
be expressed as below:

(Equation 4)

’ fa
b= w(a® + b*)

where H;, 1s the differential signal from the magnetic sensors
203a, 2035 and b 1s the second dimension distance between

the sensors and the wire (e.g., the distance 216). Similarly,
the differential signal from the secondary sensors 210, 212
may be expressed as below:

fa (Equation J)
Hy = 5
m(a? + (c — b)*)

where H, 1s the differential signal from the secondary
sensors 210, 212, and ¢ 1s the second dimension distance
between the sensors (e.g., the distance 214). Based on the
obtained diflerential sensor data corresponding the magnetic
flux intensities (1.e., H, and H,) and a prion1 knowledge of
the distances a (e.g., 207 or 208) and ¢ (e.g., 214), Equations
4 and 5 may be solved for the distance b (e.g., 216) and the
current I through the wire (e.g., 205). The distances a and ¢
can be known from the placement of the sensors 203a, 2035,
210, and 212. As noted above, b can vary depending on a
particular wire 205 placed 1n the opening 220. Thus, one
way of accurately measuring current flowing through a wire
205 positioned 1n the opening 220 that can account for
varying placements of a center point of different wires 1n the
vertical dimension shown 1n FIG. 2A has been provided.
According to some other implementations, when the
distances 207 and 208 are not approximately equal to each
other, the difference 1n these distances can be accounted for
by applying an adjustment, such as a scale factor, to a signal
generated by at least one of the magnetic sensors 203a,
2035. In an embodiment 1n which the distances 207 and 208
are not approximately equal to each other, the location of a
selected point of the wire 205 in both dimensions may be
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determined based on data from the magnetic sensors 203a,
2035 and the secondary sensors 210, 212.

The processor 204 may be further configured to receive
measurement signals from the secondary sensors 210, 212.
The secondary sensors 210, 212 may also generate outputs
that include interference from the surrounding environment,
and the interference may be cancelled out by taking the
difference between the signals from the secondary sensors
210, 212. Furthermore, since the magnetic field around a
current-carrying wire drops ofl inversely with distance, the
location of the wire 205 in the second dimension (e.g., the
vertical or y-dimension i FIG. 2A) may be determined
based on the differential signals from the magnetic sensors
203a, 203) and the secondary sensors 210, 212. The pro-
cessor 204 may be configured to compare the diflerential
signal from the magnetic sensors 203a, 2035 and the dif-
ferential signal from the sensors 210, 212 to determine the
location of the wire 205 1n the second dimension. For
example, 1n an embodiment 1n which the distances 207 and
208 are approximately equal to each other, the distance 216
can be computed by solving Equations 4 and 5 as discussed
above. In another embodiment 1n which the distances 207
and 208 are not approximately equal to each other, the
distance 216 can be computed based on the equations below:

a'=a +a; (Equation 6)
fa, fa, Ia, fa, (Equation 7)
Hl = + = +
2nrt 2mrs  2n(ar + b)) 2mias + b?)

fﬂz
2n(as + (c — b)*)

fﬂz fﬂl

2nrs B 2n(at + (c — b)*)

fa; (Equation 8)

H, =

= +
2nrs

4

where a' 1s the first dimension (e.g., x-dimension) distance
between the sensor pairs (203a, 203b6) and (210, 212), a, 1s
the first dimension distance between the wire and the first
magnetic sensor (e.g., the distance 207), a, 1s the first
dimension distance between the wire and the second mag-
netic sensor (e.g., the distance 208), and r,, r,, 15, and r, are
the radial distances between the wire and the four sensors
203a, 203bH, 210, and 212, respectively. Similar to the
previous example in connection with Equations 4 and 5,
from the placement of the sensors 203a, 2035, 210, and 212,
the distances a', a,, a,, and ¢ can be known, and two
unknowns (the distance b (e.g., 216) and the current I
through the wire (e.g., 205)) can be solved using two
equations.

The processor 204 may be configured to determine the
current flowing through the wire 205 based on the difleren-
tial signal from the magnetic sensors 203a, 2035 and the
position of the wire 1n the second dimension, for example.
The current flowing through the wire 205 can be determined
based on Equations 1-8 discussed above. Therefore, the
processor 204 may dernive the current flowing through the
wire 205 from the sensor data.

Referring to FIG. 2B, a cross-sectional diagram illustrat-
ing another example apparatus for measuring current will be
described. The 1llustrated apparatus 250 may implement the
current measuring unit 104 (FIG. 1). The apparatus 250 1s
substantially the same as the apparatus 200 (FIG. 2A) except
that the secondary or vertical position sensors 210, 212 are
replaced by secondary or vertical position sensing elements
218a, 2185, respectively.

The secondary sensing elements 218a, 2186 may be
configured to detect the location of the wire 205 positioned
within the opening 220 in a second dimension (e.g., the
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vertical or y-dimension 1in FIG. 2B). The sensing elements
218a, 218b may be located along the walls of the opening
220 as 1illustrated 1n FIG. 2B. The secondary sensing ele-
ments 218a, 2185 may be an infrared (IR) light emitting
diode (LED) sensor set. Accordingly, the secondary sensing
clements 218a, 2180 can together be considered a single
sensor. For example, one of the secondary sensing elements
218a may be an emitter of an IR LED sensor, and the other
of the secondary sensing elements 2185 may be a detector of
the IR LED sensor, or vice versa. The secondary sensing
clements 218a, 21856 may also be tactile sensors. The
secondary sensors 210, 212 (FIG. 2A) and/or the secondary
sensing clements 218a, 2185 may be implemented by any
type of sensor(s) suitable to provide signals to the processor
204 from which a position of the wire 205 within the
opening 220 i a dimension other than the first dimension
can be determined by the processor 204.

The processor 204 may be in communication with the
magnetic sensors 203a, 2035 and the secondary sensing
clements 218a, 2185b. The signals from the magnetic sensors
203a, 2036 may be processed by the processor 204 as
discussed above 1n connection with FIG. 2A. The secondary
sensing elements 218a, 2185 may detect presence of the
wire 205 at a portion of the wall along the opening 220. For
example, the secondary sensing elements 218a, 2185 may
detect that 1n some part of the wall of the opening 220, the
IR LED signal emitted from the emitter (e.g., 2185) 1s not
detected by the detector (e.g., 218a). In another example, the
secondary sensing elements 218a, 21856 may detect that the
wire 205 1s 1n contact with one or both of the secondary
sensing elements 218a, 2185 at a certain point along the wall
of the opeming 220. The processor 204 may be configured to
determine the location of a selected point of the wire 205
(e.g., the center point) based on the signals from the sec-
ondary sensing elements 218a, 2185 indicating the presence
and location of the wire 205 within the opening. The location
of the wire 205 may be expressed as the distance between
the magnetic sensors 203q, 2035 and the center of the wire
203 1n the second dimension (e.g., the y-dimension 1n FIG.
2B). The differential signal from the magnetic sensors 203a,
2035 1n conjunction with the location of the wire 203 1n the
second dimension may be used to derive the current through
the wire 205 as discussed 1n above.

Referring to FIG. 3, a three dimensional view of a portion
of an example apparatus for measuring current will be
described. The 1illustrated portion of the apparatus 300
includes a body 302 with an opening 320, which may
receive a wire 3035 and a cross-sectional plane 306. The wire
305 1s not typically considered part of the apparatus 300. The
body 302 and the opening 320 can implement any combi-
nation of features ol the body 202 and the opening 220,
respectively, of FIGS. 2A-2B. Although not shown, other
clements, including the sensors and the processor, 1llustrated
in FIGS. 2A-2B may be included in the apparatus 300, 1n
some embodiments within the body 302. The illustrations 1n
FIGS. 2A-2B may be along the cross-sectional plane 306,
and the magnetic sensors 203a, 2035 and the secondary
sensors 210, 212, 218a, 21856 of FIGS. 2A-2B may be
located on the cross-sectional plane 306. Accordingly, firmly
placing the wire 305 by pressing against the opening 320 at
around the cross-sectional plane 306 may be advantageous
for accurate current measurement.

Referring to FIG. 4, a flowchart of an example process for
measuring current will be described. The process 400 may
be performed by, for example, the processor 108 (FIG. 1)
and/or the processor 204 (FIGS. 2A and/or 2B). The process

400 may be implemented by the processor 108 and/or 204 1n
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some embodiments. Some or all of the process 400 may be
stored 1n a non-transitory computer-executable form 1n the
memory 110, for example.

At block 402, sensor signals from two magnetic sensors
may be recerved. The two magnetic sensors, such as the
magnetic sensors 203a, 2035 1n FIGS. 2A-2B, may detect
changes 1n resistance due to the magnetic field generated
around the wire carrying current and generate sensor signals.
The processor 204 (FIGS. 2A-2B) may receive these signals
for further processing.

At block 404, a differential signal based on the two
received sensor signals may be calculated. In some embodi-
ments, the differential signal may be a simple difference
between the two received sensor signals. As discussed in
connection with FIG. 2A, the processor 204 may remove
almost all common mode interference from the signals from
the magnetic sensors 203a, 2035 by calculating the differ-
ential signal from the received magnetic sensor signals from
the magnetic sensors 203a, 2035.

At block 406, one or more vertical dimension sensor
signals may be received. The processor 204 (FIGS. 2A-2B)
may obtain the one or more vertical dimension sensor
signals from the secondary sensors 210, 212 1n FIG. 2A or
the secondary sensors 218a, 2186 1n FIG. 2B.

At block 408, the vertical position of the wire may be
determined based at least i part on the secondary sensor
signals. In one embodiment, the processor 204 (FIG. 2A)
may determine the position of the wire in the second
dimension (e.g., the vertical or y-dimension in FIG. 2A) by
comparing the differential signal from the magnetic sensors
203a, 2035 and the differential signal from the secondary
sensors 210, 212 as discussed 1in connection with FIG. 2A.
In another embodiment, the processor 204 (FIG. 2B) may
determine the position of the wire 1 the second dimension
(e.g., the vertical or y-dimension in FIG. 2B) by determining
the vertical location of the wire from the signals from the
secondary sensors 218a, 2186 as discussed 1n connection
with FIG. 2B.

At block 410, the current through the wire may be
determined based on the diflerential signal of the first sensor
set and the vertical position of the wire. The processor may
derive the current through the wire from the differential
signal from the magnetic sensors 203a, 2035 and the posi-
tion of the wire 1n the second dimension (e.g., the vertical or
y-dimension i FIGS. 2A-2B) determined at the previous
block. This can involve performing one or more computa-
tions discussed above.

The foregoing description and claims may refer to ele-
ments or features as being “connected” or “coupled”
together. As used herein, unless expressly stated otherwise,
“connected” means that one element/feature 1s directly or
indirectly connected to another element/feature, and not
necessarlly mechanically. Likewise, unless expressly stated
otherwise, “coupled” means that one eclement/feature 1is
directly or indirectly coupled to another element/feature, and
not necessarily mechanically. Thus, although the various
schematics shown 1n the Figures depict example arrange-
ments of elements and components, additional intervening
clements, devices, features, or components may be present
in an actual embodiment (assuming that the functionality of
the depicted circuits 1s not adversely atlfected).

As used herein, the term “determining” encompasses a
wide variety of actions. For example, “determining” may
include calculating, computing, processing, deriving, inves-
tigating, looking up (e.g., looking up 1n a table, a database
or another data structure), ascertaining and the like. Also,
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mation), accessing (e.g., accessing data 1n a memory) and
the like. Also, “determining” may include resolving, select-
ing, choosing, establishing and the like. Further, a “channel
width” as used herein may encompass or may also be
referred to as a bandwidth 1n certain aspects.

The various operations of methods described above may
be performed by any suitable means capable of performing
the operations, such as various hardware and/or software
component(s), circuits, and/or module(s). Generally, any
operations 1llustrated in the Figures may be performed by
corresponding functional means capable of performing the
operations.

The various illustrative logical blocks, modules, and
circuits described 1n connection with the present disclosure
may be implemented or performed with a general purpose
processor, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field programmable gate
array signal (FPGA) or other programmable logic device
(PLD), discrete gate or transistor logic, discrete hardware
components or any combination thereof designed to perform
the functions described herein. A general purpose processor
may be a microprocessor, but 1n the alternative, the proces-
sor may be any commercially available processor, controller,
microcontroller or state machine. A processor may also be
implemented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of
MICroprocessors, One Or more miCroprocessors 11 Conjunc-
tion with a DSP core, or any other such configuration.

The methods disclosed herein comprise one or more steps
or actions for achieving the described method. The method
steps and/or actions may be interchanged with one another
without departing from the scope of the claims. In other
words, unless a specific order of steps or actions 1s specified,
the order and/or use of specific steps and/or actions may be
modified without departing from the scope of the claims.
Applications

It 1s to be understood that the implementations are not
limited to the precise configuration and components 1llus-
trated above. Various modifications, changes and variations
may be made 1n the arrangement, operation and details of the
methods and apparatus described above without departing
from the scope of the implementations.

Although this invention has been described in terms of
certain embodiments, other embodiments that are apparent
to those of ordinary skill 1n the art, including embodiments
that do not provide all of the features and advantages set
forth herein, are also within the scope of this invention.
Moreover, the various embodiments described above can be
combined to provide further embodiments. In addition,
certain features shown in the context of one embodiment can
be mcorporated into other embodiments as well.

What 1s claimed 1s:

1. An apparatus for measuring current flowing through a
wire, the apparatus comprising;:

a housing with an opening comprising a sloped recess,

wherein the opening 1s configured to receive the wire 1n
a direction substantially in a dimension;

two magnetic sensors within the housing;

another one or more sensors; and

a processor in communication with the two magnetic

sensors and the another one or more sensors, the
processor configured to derive a measure of the current
flowing through the wire based on outputs of the two
magnetic sensors and a determined location of the point
of the wire 1n the dimension, the determined location
being based on an output of the another one or more
SeNnsors.
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2. The apparatus of claim 1, wherein the dimension 1s a
second dimension, and wherein the opening has a shape that
defines a location of a point of the wire 1n a first dimension
when the wire 1s positioned 1n the opening.

3. The apparatus of claim 2, wherein the opening 1s
configured to define the same location of a center point of
the wire 1n the first dimension mndependent of the width of
the wire.

4. The apparatus of claim 2, wherein the point of the wire
1s a center point of the wire, and wherein the two magnetic
sensors are approximately equal distance from the center
point of the wire 1n the first dimension.

5. The apparatus of claim 2, wherein the processor 1s
configured to:

determine a distance between the point of the wire and at

least one of the two magnetic sensors based on the
defined location of the point of the wire 1n the first
dimension and the determined location of the point of
the wire 1n the second dimension;

wherein the processor 1s configured to derive the measure

of the current based on the determined distance.

6. The apparatus of claim 2, wherein the two magnetic
sensors are positioned on opposing sides of the opening 1n
the first dimension.

7. The apparatus of claim 1, wherein at least a portion of
the opening 1s substantially V-shaped.

8. The apparatus of claim 1, wherein the dimension 1s a
second dimension, and wherein the two magnetic sensors
are disposed 1n a plane along a first dimension.

9. The apparatus of claam 1, wherein the processor 1s
configured to:

determine an alternating current (AC) measure of current

flowing through the wire; and

determine a direct current (DC) measure of current tlow-

ing through the wire.

10. The apparatus of claim 1, wherein the two magnetic
sensors are anisotropic magnetoresistance (AMR) sensors.

11. The apparatus of claim 10, wherein the another one or
more sensors comprise anisotropic magnetoresistance
(AMR) sensors positioned on an opposite side of a plane
perpendicular to the current through the wire than the two
magnetic sensors.

12. The apparatus of claim 1, wherein at least one of the
processor or the additional one or more sensors are within
the housing.

13. The apparatus of claim 12, wherein the housing
comprises a contact configured to output the measure of
current flowing through the wire.

14. The apparatus of claim 1, wherein the processor is
turther configured to generate a differential signal indicative
of a difference between the outputs of the two magnetic
sensors, and wherein the measure of the current 1s based on
the differential signal and the determined location of the
point of the wire 1n the second dimension.

15. The apparatus of claim 1, wherein the opening 1is

configured such that a length of the wire extends along a
different dimension than the dimension when the wire is
positioned 1n the opening.
16. A method for measuring current through a wire, the
method comprising:
receiving outputs of two magnetic sensors
determining a location of a point of the wire 1n a dimen-
s1on based on an output of another one or more sensors,
wherein the wire 1s positioned 1n an opening such that
a length of the wire extends along a diflerent dimension
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than the dimension, and wherein the opening 1s con-
figured to receive the wire 1n a direction substantially 1n
the dimension; and

deriving a measure of the current flowing through the wire

based on the outputs of the two magnetic sensors and
the determined location of the point of the wire in the
dimension.

17. The method of claim 16, wherein the dimension 1s a
second dimension, and wherein the opening defines a loca-
tion of the wire 1n a first dimension.

18. The method of claim 16, wherein the point of the wire
1s a center point, wherein the dimension 1s a second dimen-
sion, and wherein the two magnetic sensors are approxi-
mately equal distance from the center point of the wire in a
first dimension.

19. The method of claim 16, wherein the deriving the
measure ol the current through the wire comprises deriving
a direct current (DC) measure.

20. The method of claim 17, wherein the deriving includes
determining distances between the point of the wire and the
two magnetic sensors based on the defined location of the
point of the wire 1n the first dimension and the determined
location of the point of the wire 1n the second dimension.

21. The method of claim 16, wherein the opening com-
prises a sloped recess.

22. The method of claim 16, further comprising generat-
ing a differential signal indicative of a difference between
the outputs of the two magnetic sensors, wherein the deriv-
ing 1s based on the diflerential signal and the determined
location of the point of the wire.

23. An apparatus for measuring current tlowing through a
wire, the apparatus comprising:

a body with a recess configured to receive and {ix a
horizontal position of the wire when the wire 1s posi-
tioned 1n the recess:

two magnetic sensors positioned on opposing horizontal
sides of the recess:

at least one vertical position sensor configured to measure
a vertical position of the wire when the wire 1s posi-
tioned 1n the recess:; and

a processor 1n communication with the two magnetic
sensors and the at least one vertical position sensor, the
processor configured to calculate a current flowing
through the wire based on outputs of the two magnetic
sensors and the at least one vertical position sensor.

24. An apparatus for measuring current tlowing through a
wire, the apparatus comprising:

a housing with an opening configured to receive the wire
and to define a location of a point of the wire 1n a first
dimension when the wire 1s positioned 1n the opening,
wherein the opening comprises a recess;

two magnetic sensors within the housing positioned on
opposing sides of the opening 1n the first dimension;

another one or more sensors; and
a processor 1n communication with the two magnetic
sensors and the another one or more sensors, the
processor configured to:
generate a diflerential signal indicative of a diflerence
between outputs of the two magnetic sensors;

determine a location of the point of the wire 1n a second
dimension based on an output of the another one or
more sensors; and

derive a measure of the current tlowing through the
wire based on the differential signal and the deter-
mined location of the point of the wire in at least the
second dimension.
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25. The apparatus of claam 24, wherein the opening 1s
arranged to receive the wire from a direction substantially 1in
the second dimension.

G e x Gx ex
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